Myosin V molecular motors move cargoes on actin filaments. A myosin V may move multiple cargoes to distinct places at different times. The cargoes attach to the globular tail of myosin V via cargo-specific receptors. Here we report the crystal structure at 2.2 Å of the myosin V globular tail. The overall tertiary structure has not been previously observed. There are several patches of highly conserved regions distributed on the surface of the tail. These are candidate attachment sites for cargo-specific receptors. Indeed, we identified a region of five conserved surface residues that are solely required for vacuole inheritance. Likewise, we identified a region of five conserved surface residues that are required for secretory vesicle movement, but not vacuole movement. These two regions are at opposite ends of the oblong-shaped cargobinding domain, and moreover are offset by 1801. The fact that the cargo-binding areas are distant from each other and simultaneously exposed on the surface of the globular tail suggests that major targets for the regulation of cargo attachment are organelle-specific myosin V receptors.
Introduction
The yeast Saccharomyces cerevisiae myosin V motor, Myo2p, attaches to at least six types of cargo, including secretory vesicles, the vacuole/lysosome, late Golgi elements, peroxisomes, mitochondria, and microtubules (Govindan et al, 1995; Hill et al, 1996; Catlett and Weisman, 1998; Schott et al, 1999; Beach et al, 2000; Yin et al, 2000; Hoepfner et al, 2001; Rossanese et al, 2001; Boldogh et al, 2004; Itoh et al, 2004) . These cargoes move to distinct locations at different times. Thus, regulation of cargo attachment/detachment and/or regulation of motor activity must specify the appropriate movement of each cargo. Indeed, the discovery of several organelle-specific myosin V receptors demonstrates that organelle-specific myosin V receptors play a major role in the regulation of cargo attachment/detachment (Beach et al, 2000; Yin et al, 2000; Lapierre et al, 2001; Fukuda and Kuroda, 2002; Hume et al, 2002; Nagashima et al, 2002; Provance et al, 2002; Wu et al, 2002; Ishikawa et al, 2003; Tang et al, 2003) . Potential roles for the cargo-binding domain of myosin V in cargo attachment have not yet been determined.
The cargo-binding domain of myosin V is composed of subdomains I and II. These domains, residues 1131-1345 (subdomain I) and residues 1346-1574 (subdomain II), were defined by mild proteolysis of the Myo2p globular tail (residues 1087-1574). Notably, all the residues required for Myo2p attachment to the yeast vacuole reside within subdomain I, whereas many of those predicted to be required for Myo2p attachment to secretory vesicles reside within subdomain II Schott et al, 1999; Catlett et al, 2000; Pashkova et al, 2005) . Interestingly, each subdomain alone does not have biological activity; however, coexpression of the two subdomains as separate polypeptides in vivo results in a functional complex; simultaneous expression of the subdomains has a dominant negative effect and inhibits functions that require Myo2p (Pashkova et al, 2005) . In addition, subdomains I and II tightly associate with each other. Size-exclusion chromatographic simulations of the reversible dissociation of the subdomains predict that the dissociation equilibrium constant is no greater than 1 nM (Pashkova et al, 2005) .
To investigate the mechanism whereby myosin V binds diverse cargoes, we crystallized the Myo2p cargo-binding region, the globular tail domain. This study presents the globular tail structure and the identification of two distinct subsets of surface residues required for binding two myosin V cargoes, the vacuole and secretory vesicles, respectively.
Results

Crystallization of the Myo2p globular tail
Numerous trials were performed to identify conditions to produce crystals of the globular tail of Myo2p. Although these failed, we successfully obtained highly diffracting crystals from a trial that had incubated at room temperature for several weeks. We reasoned that mild proteolysis might have occurred, and found that when the full-length tail (residues 1087-1574) was cleaved with trypsin (see Materials and methods), crystals could routinely be obtained. The fact that coexpression of subdomains I and II in vivo recapitulates biological functions of the full-length globular tail strongly suggests that the structure reported here is very similar to that of the intact tail.
Indeed, in vitro studies comparing the full-length tail with tryptic digests of the tail strongly suggest that the conforma-tions of each are the same. Dynamic light scattering of the Myo2p tail (residues 1131-1574), pre-digested and digested, showed that these proteins have a similar hydrodynamic radius (3.6 and 3.7 nm) and spread of the radius for predigested and digested protein samples, respectively. Also under the conditions used, polydispersity was 12.4 and 12.8% for pre-digested and digested protein samples, respectively. The difference in polydispersity values is within the error of the instrument. Polydispersity is a good measure of the flexibility in a protein. A protein that is rapidly sampling two or more conformations would have a larger polydispersity. Monodispersity is an indication that there is possibly a single conformer.
In addition to the above, the behavior during gel filtration of the uncleaved and cleaved polypeptides strongly suggests that they have similar conformations. Using the same column, flow rate, and buffer conditions, the cleaved and uncleaved proteins eluted at identical positions (not shown). Thus, under the experimental conditions of both gel filtration and dynamic light scattering, the Myo2p globular tail and tryptic digest fragments have no observable differences in their conformation.
The current structure includes residues 1152-1274, 1279-1336, 1352-1509, and 1520-1570 . The very N-terminal and C-terminal residues are missing. In addition, three small regions within the polypeptide that range in size from 5 to 16 residues are missing as well. It is likely that these interior small regions are loops that connect the a-helices, and that they are less ordered than the rest of the structure. Indeed, MALDI-TOF mass spectrometry of the crystallization sample showed that mild proteolysis had produced several polypeptides that differed by a few amino-acid residues (see Supplementary Figure S1 ). Note that some of the residues missing from the structure are present in the detected polypeptides, and therefore are likely spatially disordered owing to flexibility in the protein. Other residues missing from the structure are missing from the polypeptide as well and were likely digested during the mild proteolysis or subsequent incubation in the crystallization buffer.
Overall structure of the Myo2p globular tail
The globular tail contains 15 amphipathic a-helices connected by short and long loops ( Figure 1A ). The architecture reveals two five-helical bundles. The first helical bundle includes H2 to the first half of H6, whereas the second bundle is the distal half of H6-H10 ( Figure 1B ). These helical bundles correspond to subdomains I and II originally defined by mild proteolysis. The longest helix H6 (45 residues) connects the two helical bundles. A very short helix H11 makes a turn and is followed by two short helices H12 and H13 that together with a hairpin loop form a discrete region at the tip of subdomain II. This region is offset 901 from the helical bundle formed by H6-H10. A long C-terminal loop emerges from H13 and extends along both helical bundles. The C-terminal loop ends with a short helix H15. H15 joins with H1 and H2 and forms a discrete three-helical region at the tip of subdomain I. Based on the crystal structure, it is clear that the Myo2p globular tail subdomain I includes this last short helix. Thus, subdomain I has been revised to include residues 1131-1309 and 1528-1574, and subdomain II is composed of residues 1310-1527.
Like the Myo2p globular tail, both spectrin (Kusunoki et al, 2004) and vinculin (Izard et al, 2004) have two sets of helical bundles that are connected by a common long helix. However, a search of the PDB did not reveal any proteins with the same architecture as the Myo2p globular tail. We observed a possible internal structural duplication of subdomains I and II. These subdomains show a modest structural similarity to many proteins with a-a superhelices.
Residues from helices H5 and H7 form an extended interface between subdomains I and II. This interface, combined with the extended C-terminal loop that wraps around both subdomains II and I, may explain why the simultaneous expression of each subdomain is required to recapitulate the tested functions of the full-length globular tail (Pashkova et al, 2005) . In further support that the long C-terminal loop plays an essential role in the structural integrity of Myo2p, deletion of this loop, residues 1519-1574, abolished the binding of the Myo2p tail to its three known binding partners, Vac17p, Kar9p, and Smy1p (Table I ; Pashkova et al, 2005) . In addition, this deletion resulted in a total loss of Myo2p function. Myo2p containing this deletion could not support yeast viability or function in vacuole inheritance (Supplementary Figure S2 and Supplementary  Table SI) .
Vacuole-binding region
Seven point mutants defective in vacuole inheritance but not secretory vesicle movement have been identified and characterized Catlett et al, 2000) . These point mutations disrupt binding of the globular tail to Vac17p, a component of the vacuole-specific receptor complex (Ishikawa et al, 2003) . Notably, six of these point mutations (D1297N/G, L1301P, N1304S/D, and N1307D) cluster to four residues in an 11-amino-acid span. Based on their spacing, we predicted that they lie along a face of an exposed a-helix (Catlett et al, 2000) . Indeed, these residues are in helix H6, and their side chains point toward the solvent-accessible surface of molecule ( Figure 2A ).
Based on the structure, it appears that residues from helix H4 may also be part of the vacuole-binding region. Indeed, mutation of a conserved surface residue from H4, Gln1233 to Arg, affected vacuole movement ( Figure 2B ) but not cell growth. Thus, the vacuole-binding region occupies at least four surface residues from H6 and one residue from H4.
Secretory vesicle-binding region
Analysis of multiple myo2 temperature-sensitive mutants had predicted that the secretory vesicle-binding region resides in subdomain II of the Myo2 globular tail between residues 1389-1427 and 1439-1491 (Schott et al, 1999) . This latter region was also suggested by the identification of a secretory vesicle-specific deletion mutant myo2-D1459-1491. These regions contain many surface residues ( Figure 3A) , several of which are highly conserved. Point mutations present in the temperature-sensitive mutants that were also highly conserved and exposed to the surface were analyzed further. One residue from the temperature-sensitive mutant myo2-14 was of particular interest; G1461 resides on the cell surface and is also included in the 1459-1491 deletion. Moreover, it forms a patch with two additional conserved surface residues, D1457 and I1453 ( Figure 3A) , which are mutated in myo2-12 and myo2-18, respectively. However, we found that the mutants myo2-G1461D and myo2-D1457N were wild type for growth and for vacuole inheritance (Supplementary  Table SI) .
In order to map the secretory vesicle-binding region, we analyzed all the surface residues of both subdomains I and II to define areas of high sequence conservation. Myosin V motors from phylogenetically distant species S. cerevisiae, Ustilago maydis, Caenorhabditis elegans, Drosophila melanogaster, Strongylocentrotus purpuratus, and Mus musculus were included in our analysis ( Figure 3B ). Several large patches of highly conserved surface residues are present in subdomain II. Based on these patches, we constructed and tested MYO2-R1162E, MYO2-D1357K, MYO2-E1375V, Table SI) . Notably, when either myo2-Y1415R or myo2-Y1415E were the sole copy of MYO2, S. cerevisiae cells were not viable or were temperature sensitive, respectively. These growth defects are most likely due to a defect in the movement of secretory vesicles, the only known essential cargo of Myo2p. However, myo2-Y1415R and MYO2-Y1415E retained the ability to bind some cargoes. The vacuole inheritance defect of myo2-2, a vacuole-specific point mutant, was fully complemented by myo2-Y1415R or myo2-Y1415E (Supplementary Figure S3) . The observation that the myo2-Y1415R and MYO2-Y1415E alleles support vacuole inheritance indicates that these mutations do not affect the overall structure of the globular tail. These results strongly suggest that Y1415 is part of the secretory vesicle-binding site.
Tests of additional point mutations near Tyr1415 revealed the surface area of the secretory vesicle-binding site. The following mutations in MYO2, L1331S, L1411S, K1444A, and Q1447R severely affected yeast growth (Figure 4) . Furthermore, another mutation at L1411, myo2-L1411R, did not support yeast viability. However, similar to Y1415R, each of the above mutants was fully functional for vacuole movement, and rescued the vacuole inheritance defect of myo2-2 (not shown). Other point mutations in the region, W1407F, T1418A, E1422A, and K1425A, did not affect yeast growth (Supplementary Table SI ), suggesting that the secretory vesicle-binding site does not extend along helix H9.
Discussion
A notable feature of the myosin V tail is the large number of regions of conserved surface residues. Conserved surface residues generally indicate sites of protein-protein interaction. In the case of the myosin V globular tail, at least one of the conserved patches may be required for binding of the myosin V tail to the myosin V motor domain. It was recently found that the motor activity of myosin V is inhibited by interaction of the distal region of the globular tail of (Schott et al, 1999) . This region of Myo2p is conserved with chicken myosin Va. The sequence in this region is not conserved with Myo4p, a second S. cerevisiae myosin V, which specifically transports mRNA and the peripheral endoplasmic reticulum (Estrada et al, 2003) . Blue: subdomain I; red: subdomain II; cyan: vacuole-binding region. (B) Highly conserved residues (ConSurf scale of '8'or '9') of subdomain I are blue and that of subdomain II in red. Vacuole-specific residues D1297, L1301, N1304, N1307, and Q1233, and the secretory vesicle-specific mutation, Y1415, are indicated. (Krementsov et al, 2004; Li et al, 2004; Wang et al, 2004) . Both analytical ultracentrifugation and rotary shadow electron microscopy revealed two conformations of myosin Va: an 'open' (active) conformation, where the motor domain is available to bind to actin cables and the tail is attached to cargo, and a 'closed' (inactive) conformation where the motor and the cargobinding domain form a complex with each other. The closed conformation, which occurs in the absence of calcium and cargoes, results in an inhibition of the ATPase activity. These findings strongly suggest that when myosin V is not occupied with cargo, it undergoes a large conformational change that allows the cargo-binding domain to interact with the motor domain and inhibit the ATPase activity of the motor. In further support of this hypothesis, addition of melanophilin to intact myosin Va causes a stimulation of the motor ATPase activity (Li et al, 2005) .
Note that in the myosin V tail, the conserved patches on subdomain II are significantly larger than the conserved patches on subdomain I ( Figure 3B ). The reason for this difference is as yet unknown. However, it is tempting to speculate that either of the two large conserved regions on subdomain II may be the site where the motor domain docks. This postulate is based on the assumptions that the interaction between the motor and cargo domain is an ancient, common property of myosin V motors, and also that there might be a large region of contact between the motor-and cargo-binding domains. In an effort to map the region of the globular tail that binds to the motor, we tested whether the yeast two-hybrid assay could be used to monitor an interaction between the Myo2 globular tail and motor domain. Although several regions of the motor and globular tail were tested, none revealed an interaction. It is possible that the neck region is also required for the globular tail to interact with the motor domain (Krementsov et al, 2004; Li et al, 2004) . Alternatively, this interaction may require additional proteins and/or phosphorylation of myosin V tail. Another possibility is that the interaction requires an intact myosin V dimer.
Myosin II also undergoes large conformational changes that inhibit its motor ATPase. Hydrodynamic studies of myosin II showed that it exists in two forms, 10S and 6S, which correspond to an open and bent form, respectively (Trybus et al, 1982; Ikebe et al, 1983) . The open form has motor ATPase activity, whereas the closed form is inactive. The mechanism of inhibition requires the dimerization of myosin II and involves the interaction of the converter domain of one head with the actin-binding site of the other head. This conformation blocks the access of each head to actin (Wendt et al, 2001; Tama et al, 2005) . It will be interesting to determine whether the inhibition of myosin V is similarly asymmetric and relies on the fact that it is a dimer.
The microtubule-based conventional kinesin also has a closed, inactive conformation and an open active conformation (Friedman and Vale, 1999; Hackney and Stock, 2000) . Kinesin motor activity is inhibited by interaction with the cargo-binding region of the tail. The neck and stalk region of kinesin are also required for this inhibition.
Although the precise mechanism of inhibition of each type of motor is likely to be different, there are at least three properties that each has in common. First, it is of note that each motor is inhibited by the absence of its cargoes. This strongly suggests that it is important that unoccupied motors are inactive. Second, in each case, there are large conformational differences between the active and inactive states. Third, in each case, the motor domain is inhibited through intramolecular interactions, either within the monomer or within a single dimer.
Many of the conserved patches on the surface of the myosin V cargo-binding domain are likely to be regions that bind to specific cargoes. Indeed, the high-resolution structure of the Myo2p cargo-binding domain revealed that the vacuole-specific residues defined by genetic analysis, D1297, L1301, N1304, and N1307 (Catlett et al, 2000) , lie along a solvent-exposed face of helix 6. These residues comprise most of the vacuole-specific binding region. Based on the structure, we tested adjacent residues on helices 4 and helix 6 and found that Q1233 on helix 4 is also part of the vacuole-binding region.
The high-resolution structure also enabled us to test multiple conserved residues for a specific function in secretory vesicle movement. These studies identified residues L1331, Y1415, L1411, K1444, and Q1447 within one of the conserved patches in subdomain II. The cluster of residues, specific for secretory vesicle movement, occupies a region similar in size to that required for vacuole movement. The exposed residues that make up both vacuole and secretory vesicle-binding sites are highly conserved. The fact that these residues are highly conserved among myosin V motors suggests that these same regions may bind similar organelle-specific receptors in other species. Furthermore, the multiple, as yet undefined additional patches of highly conserved residues on the surface of the globular tail are likely to bind to distinct cargoes.
A major focus in studies of myosin V function is to elucidate the regulatory mechanisms that determine cargo binding. That the secretory vesicle-specific binding region and vacuole-specific binding region are distant from each other, and are simultaneously exposed on the surface of the globular tail (Figure 5 ), suggests that the globular tail may not play a major role in the regulation of cargo binding. Rather, the major targets of regulation may be the cargospecific receptors. Indeed, the vacuole-specific receptor, Vac17p, is synthesized in a cell-cycle-dependent manner . Moreover, turnover of Vac17p results in the detachment of Myo2p and deposits the vacuole in its proper location. In addition, the Myo2p tail interacts much more efficiently with a specific domain of Vac17p (residues 97-170) than with full-length Vac17p (Ishikawa et al, 2003) , suggesting that a conformational change in Vac17p is required for binding of Vac17p to the globular tail.
To our knowledge, this is the first high-resolution structure of a cargo-binding domain of a molecular motor. The structure of the myosin V globular tail provides a basis for further functional analyses of myosin V.
Materials and methods
Protein purification and crystallization
Recombinant GST-tagged Myo2p globular tail (residues 1087-1574) was cloned and purified as described (Pashkova et al, 2005) . Briefly, the protein was expressed in Escherichia coli BL21(DE3)pLysS cells and purified with Glutathione Sepharose 4B resin (Amersham Biosciences Corp.). After cleavage from GST and dialysis against 20 mM Hepes (pH 6.5), 100 mM NaCl, and 1 mM EDTA buffer, the protein (2 mg/ml) was further treated with 3 mg/ml of trypsin (Sigma-Aldrich) at 01C for 30 min. The sample was concentrated by spin filtration using an Ultrafree-4 centrifugal filter 30K membrane (Millipore) and purified by gel filtration on a HiLoad 16/60 Superdex 200 prep grade column (Amersham Biosciences Corp.). Selenomethionine-substituted protein was expressed using the methionine pathway inhibition procedure (Doublie et al, 1996) and purified as described for the native protein.
Crystals were grown at 41C by the hanging-drop vapor-diffusion technique using a 1:1 mixture of protein (15-20 mg/ml) and the crystallization solution of 1.7 M NaCl, 8% PEG-6000 for native crystals or 2.2 M NaCl, 8% PEG-6000 for SeMet-substituted crystals. Crystals appeared within 1 week and belonged to space group P21212 1 with cell dimensions of 50.7, 72.6, and 167.9 Å (Table II) .
Structure determination and refinement Native data that extended to 2.2 Å resolution were collected at the IMCA-CAT beam line at APS. The structure was determined by the Multiple Anomalous dispersion method. Data from Se-Met crystals were collected at three different wavelengths at the MBC-CAT beam line at ALS in Berkeley. All data were processed using d*trek (Pflugrath, 1999) . The positions of selenium were determined and the MAD phases refined using the program SOLVE Eisenberg, 1983, 1987; Terwilliger, 1994; Terwilliger and Berendzen, 1997) . Density modification and automated model building were carried out with the program RESOLVE (Terwilliger, 2000 (Terwilliger, , 2003 . RESOLVE built close to 80% of the side chains that are modeled in the final structure. Further model building was carried out with 'O' (Jones et al, 1991) , and the structure was refined using the program REFMAC in the CCP4-suite (Murshudov et al, 1997) . The final R-factor and R-free are 0.216 and 0.25 respectively using a total of 28 080 unique reflections. A total of 396 residues and 227 water molecules were built. The details of data collection, processing, structure determination, refinement, and quality of the structure are presented in Table II . The coordinates and structure factors have been submitted to the RCSB (PDB ID 2F6H).
Surface conservation analysis
ConSurf algorithms were used to identify evolutionarily conserved surface residues (Glaser et al, 2003) . Full-length myosin V motors from S. cerevisiae, U. maydis, C. elegans, D. melanogaster, S. purpuratus, and M. musculus were aligned using ClustalW (Thompson et al, 1994 ). Supplementary Figure S4 shows the alignments of the globular tail domain.
Site-directed mutagenesis and functional analysis
Yeast S. cerevisiae strains used in this study are listed in Supplementary Table SII. Individual point mutations were generated by the QuikChange Site-Directed mutagenesis method (Stratagene) using pRS413-MYO2. Mutations were verified by sequencing. To assess temperature sensitivity, plasmids with myo2 mutations or truncations were tested as the sole copy of MYO2 as described (Catlett et al, 2000) . Briefly, S. cerevisiae cells (LWY2947 strain) with pRS416-MYO2 (URA3) as the sole copy of MYO2 were transformed with pRS413 (HIS3) containing wild-type or truncated myo2 (HA tagged). Transformants were streaked onto synthetic media lacking histidine and uracil (SCÀHisÀUra) to select for the presence of both plasmids, and also streaked onto synthetic media containing 5-fluoroorotic acid (5-FOA) to remove pRS416-MYO2. The resulting strains contain only pRS413-myo2.
To test vacuole inheritance, plasmids with myo2 mutations or truncations were introduced as a second copy of Myo2p into 
